Mountain tunnels, being underground structures and situated deep within rock layers, are generally considered to suffer appreciably less damage from earthquakes than surface structures. However, it has been reported that many tunnels were damaged by the 1923 Great Kantou earthquake, the 1995 Great Hanshin Earthquake, the 1999 Taiwan Chi-chi Earthquake, the 2004 Mid Niigata Prefecture Earthquake and the May 2008 Great Wenchuan Earthquake in China. In this study, the damaged tunnels in the 2004 Mid Niigata Prefecture Earthquake are the study objects. The damage patterns are analyzed and the information which is considered to be of influence, such as the distance to epicenter, the completion time, the geological conditions, etc., are collected. A database of the damaged tunnels has been created using a Geographic Information System (GIS).
Introduction
In Japan, about 70% of the total national territory is composed of mountainous terrain. Due to the limitation of the mountainous topography, tunnels are used extensively both in the railway and highway systems. The Japanese islands are squeezed between the Pacific, Philippine, Eurasian and the North American plates. The plate motions and active volcanism cause frequent earthquakes.
Mountain tunnels, being underground structures and situated deep within rock layers, are generally considered to suffer appreciably less damage from earthquakes than surface structures (Okamoto 1973; Sharam and Judd 1991; Hashash et al. 2001) , however when a tunnel experiences extremely strong earthquake shaking, it may still possibly be damaged. It is reported that many tunnels have been damaged by the 1923 Great Kantou earthquake (Yoshikawa 1981; Yashiro and Kojima 2007) , the 1995 Great Hanshin Earthquake (Asakura and Sato 1998) , the 2004 Mid Niigata Prefecture Earthquake (Shimizu et al. 2007; Yashiro and Kojima 2007; Tunnel Engineering Committee, JSCE 2005) , the 2007 Niigata Prefecture Chuetsu Offshore Earthquake in Japan (Tunnel Engineering Committee, JSCE 2008) and the May 2008 Great Wenchuan Earthquake in China (Lin and Chai 2008) . Hence, the safety of mountain tunnels in seismically active areas should be an important issue to tunnel engineers. Dowding and Rozen (1978) gave a preliminary study of damage mechanisms in tunnels resulting from earthquakes. Wang et al. (2001) summarized the damage patterns and described the findings of a systematic assessment of damage in the mountain tunnels due to the 1999 Taiwan Chi-Chi Earthquake. More detailed field investigation and analysis of tunnel damage have been carried out by many researchers in Japan for the 1978 Izu-Oshima-Kinkai earthquake (Kawakami, 1984) , the 1995 Great Hanshin Earthquake Sato 1998), the 2004 Mid Niigata Prefecture Earthquake (Tunnel Engineering committee, JSCE 2005; Shimizu et al. 2005; Shimizu et al. 2007; Konagai et al. 2008 ) and the 2007 Niigata Prefecture Chuetsu Offshore Earthquake Tunnel Engineering committee, JSCE 2008; Jiang et al. 2008a and 2008b) . The epicenter is located inland in the 2004 Mid Niigata Prefecture Earthquake. 49 tunnels suffered significant damage to various extents. In this study, using a Geographical Information System (GIS) and Hayashi's quantification theory type II (Hayashi 1954 (Hayashi , 1974 , the damage to tunnels structures caused by the 2004 Mid Niigata Prefecture Earthquake are analyzed and assessed.
Description of the 2004 Mid Niigata Prefecture Earthquake
On 23 October 2004, at 17:56 local time, a strong earthquake with a magnitude of 6.8 according the Japan Meteorological Agency (JMA) Magnitude scale occurred at latitude 37º17'N and longitude 138º52' E on the inland of Mid Niigata Prefecture, at a depth of approximately 13 km. Figure 1 shows the epicenter location and the distribution of the seismic intensity following the Japan Meteorological Agency seismic intensity scale in Niigata Prefecture. The earthquake was caused by a blind-thrust fault, which was not indicated on the active fault map of Japan. It had an unusual after-shock activity and at least 4 large after-shocks having a magnitude greater than 6.0 took place. The epicenter fault was presumed to be running in a N35E direction for a total length of 22km.
The presumed epicenter fault, the crustal horizontal movement vector are shown in Figure 2 . The Mid Niigata area suffered catastrophic damage during the earthquake, with 67 deaths, over 4790 people being injured, more than 120700 houses either collapsed or destroyed and 49 tunnels damaged. The most heavily damaged towns were Kawaguchi with an intensity of 7 on the intensity scale of the Japan Meteorological Agency (JMA). The earthquake inflicted heavy damage to Kanetsu Expressway and Hokuriku Shinkansen Line and Joetsu railway line. In particular, it caused a Shinkansen train (bullet train) traveling at a speed of 200km/h to derail for the first time in the forty-year history of high-speed trains in Japan.
Damage analysis to tunnels

The damaged tunnels database
After the October 2004 Mid Niigata Prefecture Earthquake, a systematic investigation was conducted on 138 tunnels including railway tunnels, road tunnels, Shinkansen tunnels and water conveyance tunnels for hydroelectric power projects (Tunnel Engineering Committee, JSCE 2005) . The total length of the investigated tunnels is about 246 km. In order to store the information of the investigated tunnels, such as the location, length, width, height, geology, and the photos taken to show the damaged conditions, a tunnel database has been created within a Geographic Information System (GIS). Among the 138 tunnels investigated, 49 tunnels suffered various degrees of damage. Table 1 Table 1 within ArcGIS environment.
Damage patterns due to the 2004 Mid Niigata Prefecture Earthquake
Cracking of lining
From Table 1 , we can see that almost all of the damaged tunnels suffered cracking of the concrete lining. The types of the lining cracks are longitudinal cracks, transverse cracks and inclined cracks in the arch, sidewall and roadbed.
The extent of cracks is various. Slight cracks have little influence on the function of the concrete lining. But opening of cracks and buckling of the lining, inflicted spalling or collapse of the lining and consequently water leakage happened.
Spalling of lining
Spalling of concrete lining is the severe damage pattern in this disaster. There are three causes for spalling: space over the arch crown; imperfection of the contact between the concrete material and the rock surrounding of the tunnel; and the aged concrete lining. The seismic shaking force is the initiation factor. (2008) gave a detailed analysis of the causes of the damage in Kizawa tunnel.
Other damage patterns in this disaster
A large number of slope failures and debris-flows were also induced by the 2004 Mid Niigata Prefecture Earthquake. Fortunately, slope failures have not inflicted tunnel collapse in this earthquake. However the gravels from slope failures and debris-flows obstructed the portal entrances of the Siotani tunnel and Enoki tunnel (Fig. 6 ).
Influence factors of the degree of tunnel damage
The degree of tunnel damage is associated with many combined influence factors.
The distance to epicenter, the geological conditions, the overburden and the completion time (or the aged time of concrete lining) are the factors considered in this study. How these factors affect the degree of tunnel damage will be evaluated by using Hayashi's quantification theory type II and GIS technique.
Analysis using Hayashi's quantification theory type II
Hayashi's quantification theory type II
Hayashi's quantification theory, which is developed by Chikio Hayashi, includes a set of statistical methods, namely, Hayashi's quantification type I, II, III, and IV.
In Japan, Hayashi's methods of quantification are well known and widely used in various fields, such as social and marketing surveys, psychological and medical research, etc., where information is obtained mainly in the form of qualitative categories. Hayashi's quantitative theory type II is a method of multivariate discrimination analysis to manipulate attribute data as predictor variables. In this study, the outside variable is the degree of tunnel damage, A (A1 and A2) and B (Table 2) . The predictor variables, that is, the items, are the influence factors. Table 3 shows the items, the categories and the statistical information of the 49 damaged tunnels.
Computing procedure
In order to express the response of item and category for each sample, the dummy
is introduced to the model when samples represent the factor in category k of item j:
In order to estimate the overall score response to the category for each sample, the linear regression method shown in the following equation (2) is used.
where N represents the total number of samples, Y iα is the overall score of th 
where the item on the left of the equation is the net difference (St) of Y iα . On the right-hand side of the equation, the first item is the difference between groups (Sb), and the second item is the difference within groups (Sw).
As shown in Eq. (4), f (jk,uv) represents the responded sample number in both kth category of item j and vth category of item u. g t ( j,k) represents the responded 1 if response of th  sample in the category k of item j to the corresponding external criterion, in ith group 0 otherwise, sample number in kth category of item j of ith group. n jk represents response sample number in kth category of item j:
If the ratio of correlation η 2 is defined as a ratio of the difference between groups (Sb) to net difference (St) shown in Eq. (5), 0 ≤η 2 ≤1, the category weight a jk could be calculated by the solution of matrix equation (6):
According to the outcome of the discriminatory analysis, a calculation numerical value, which is called a "category score", is given to each category of the nonquantitative traits and a range is calculated for each item as follows, range = maximum of category scores -minimum of category scores. (7) A wider range of category scores for each item also indicates a greater contribution of the outside variable, that is, the degree of the tunnel damage. The larger the item range, the more contribution percentage to the degree of tunnel damage. A partial correlation coefficient which represents the weight for discrimination is calculated for each item. Herein, a contributing weight for each item to the degree of tunnel damage is also given as follows,
Where, α i is the contributing weight, r i is the range for each item, n is 4.
Results using Hayashi's quantification theory type II
The 15 categories (factors) of four items (indices) ( Table 3) 
Discussion
The tunnels that sustained heavy damage from the earthquake were located within about 10km from the presumed epicenter, but there were cases where, in the same location, some places were heavily damaged and others were not damaged at all.
Moreover, from Table 1 and Figure 9 , we can see that not all the tunnels within 10km are damaged seriously. Therefore, except the above 4 influence factors, the angle between the presumed fault and the tunnel axes is also an important influencing factor. Figure10 shows the influence of the angle between the presumed fault and the tunnel axes on tunnel damage. Among 12 tunnels in the damage ranking A1, 8 damaged tunnels locate in the angle 60º~90º. Within the same distance to the epicenter, the damage degree of the tunnels which locate in the angle 60º~90º are greater than the tunnels in the angles 30º~60º and 0º~30º.
For example, the angle between Uonuma Tunnel (No. 23 in Table 1 and Figure 9) axes and the presumed fault is about 60º~90º. This tunnel is seriously damaged and is observed as the damage ranking A1. The damage mechanism may be related to the direction of seismic wave propagation and should be further studied.
The results show that the degree of tunnel damage is associated with the distance from the epicenter, the geological conditions, the completion time or the lining aging, the overburden cover, and the angle between the presumed fault and the tunnel axes.
The GIS-based damaged tunnels database presents the basic information and spatial distribution of the tunnels. The further study is that all the tunnels, including the railway tunnels and road tunnels and the digital active fault map of Japan (Nakata and Imaizumi 2002) will be added into the GIS-based tunnels database. The database will serve for the production of hazard and risk assessment for tunnel damage induced by earthquake. This information is basic to emergency and useful to identify vulnerable areas that may require planning considerations and in prioritizing mitigation measures that may need to be implemented to reduce future losses.
Conclusions
The summary and analysis have been presented for the damaged tunnels in the 2004 Mid Niigata Prefecture Earthquake. Among the 138 investigated tunnels, 49 tunnels suffered various degrees of damage. In order to store the information of the investigated tunnels, such as the location, length, width, height, geology, and the photos taken to show the damaged conditions, a tunnel database has been created and a querying tool has been developed using ArcObject within ArcGIS environment.
The damage patterns are mainly spalling and cracking of lining. The extent of damage to the tunnels was influenced by the distance to the epicenter, the geological conditions, the overburden, the completion time (or the aged time of concrete lining). The quantificational assessment of the degree of tunnel damage caused by the 2004 Mid Niigata Prefecture Earthquake using Hayashi's quantification theory type II has been performed and the influence order for these factors has been analyzed. The 83.7% discriminative ratio and the 0.656 correlative ratio provide the evidence that Hayashi's quantification theory type II is a reliable insight that is statistically sound. The 49 damaged tunnels has been also assessed using Hayashi' quantification theory type II. Comparing with the field investigation, the assessment results are in close agreement with filed survey.
The tunnel damage due to earthquakes is synthetically caused by several influencing factors, such as the distance to epicenter, the geological conditions, the completion time, the overburden and the angle between the presumed fault and the tunnel axes. Considering all the influence factors, the damage mechanism should be further studied using experimental and numerical analysis so as to enhance understanding of seismic response of tunnels and improve seismic design procedures for tunnels. Tables   Table 1 The Table 5 The Table 1 . The color lines are the damage degree A1, A2 and B listed in Table 2 ). 
